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Abstract 

Undoped self-assembled GaN quantum dots (QD) stacked in superlattices (SL) with AIN spacer layers were 
submitted to thermal annealing treatments. Changes in the balance between the quantum confinement, strain 
state of the stacked heterostructures and quantum confined Stark effect lead to the observation of GaN QD 
excitonic recombination above and below the bulk GaN bandgap. In Eu-implanted SL structures, the GaN QD 
recombination was found to be dependent on the implantation fluence. For samples implanted with high fluence, 
a broad emission band at 2.7 eV was tentatively assigned to the emission of large blurred GaN QD present in the 
damage region of the implanted SL. This emission band is absent in the SL structures implanted with lower 
fluence and hence lower defect level. In both cases, high energy emission bands at approx. 3.9 eV suggest the 
presence of smaller dots for which the photoluminescence intensity was seen to be constant with increasing 
temperatures. Despite the fact that different deexcitation processes occur in undoped and Eu-implanted SL 
structures, the excitation population mechanisms were seen to be sample-independent. Two main absorption 
bands with maxima at approx. 4.1 and 4.7 to 4.9 eV are responsible for the population of the optically active 
centres in the SL samples. 



Introduction 

Self-assembled GaN quantum dots (QD) stacked in 
superlattices (SL) with AIN spacer layers are known to be 
important nanostructures for optoelectronic applications 
in the UV/ visible and infrared spectral regions [1-3]. The 
GaN QD excitonic recombination is usually characterized 
by a broad band recombination with ca. 300 meV of full 
width at half maximum for samples with homogeneous 
dot size distribution [3]. It is well established that the 
GaN QD excitonic recombination can occur at photon 
energies above and below the GaN bulk bandgap [1-8]. 
This behaviour is driven by the combined effects of the 
quantum confinement (QC) of the carriers and the quan- 
tum confined Stark effect (QCSE), which is influenced by 
the strain state of the stacked heterostructures [4,8,9]. 
The peak position of the GaN QD excitonic recombina- 
tion is also known to be very sensitive to the dot size, 
shape and thermal annealing treatments [3-10]. In addi- 
tion, and despite the expected thermal stability of the QD 
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photoluminescence (PL) intensity, non-radiative pro- 
cesses described by different activation energies have 
been reported in undoped and intentionally doped SL 
structures [3,6,11-14]. Indeed, the low temperature to 
room temperature PL intensity ratio, 1(14 K)//(RT), exhi- 
bits a sample dependent behaviour [3,6,11-14], which 
needs further investigation. Therefore, it is an aim of this 
article to address the issue of the excitation and de-exci- 
tation mechanisms of the emission of as-grown, ther- 
mally annealed and Eu-implanted GaN QD embedded in 
AIN spacers. 

As-grown, annealed and Europium implanted and 
annealed GaN QD/A1N SL were studied by tempera- 
ture-dependent PL and photoluminescence excitation 
(PLE) in order to analyse the influence of the excitation 
population mechanisms on the PL efficiency of the exci- 
tonic GaN QD recombination. The excitation paths 
were seen to be sample independent while different PL 
emission bands were detected for the non-doped and 
Europium doped SL. The effects of the implantation flu- 
ence as well as its relationship with the carrier localiza- 
tion in the GaN QD will be discussed. 
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Experimental 

The GaN QD/A1N SL structures were grown by molecu- 
lar beam epitaxy (MBE) on A1N/A1 2 0 3 pseudo substrates 
as described elsewhere [15]. The investigation was per- 
formed on three sets of samples consisting of 10 (#1110) 
and 20 (#987 and #989) nm stacks of (0001) GaN QD 
with A1N interlayers of 30 (#1110) and 13 (#987 and 
#989) nm. The QD height has been set around 3.0 
(#1110), 3.7 (#987) and 4.2 (#989) nm from growth 
deposition parameters, in accordance with previous 
reported optical experiments [4] and theoretical predic- 
tions [8,9]. An A1N cap layer was furthermore grown on 
the SL top part (270 nm for sample #1110 and 30 nm for 
samples #987 and #989). The GaN QD density and dia- 
meter was estimated to be in the 10 11 cm" 2 and 15 to 20 
nm ranges, respectively [16]. The as-grown sample #1110 
was further submitted to thermal annealing treatments at 
1200°C in flowing N 2 at 1 mbar pressure and placing a 
piece of AIN/sapphire face-to-face with the samples as a 
proximity cap to protect the surface during the high tem- 
perature treatment. The #987 and #989 GaN QD/A1N SL 
were implanted with high (1 x 10 14 " 15 ions cm' 2 ) and low 
(1 x 10 13 ions cm' 2 ) fluences of Europium ions; the SL 
structures were further submitted to post-implantation 
thermal annealing in order to achieve Eu 3+ optical activa- 
tion [17,18]. 

Steady-state PL measurements were carried out 
between 14 K and room temperature (RT) using 
for excitation photons with energy of 3.81 and 4.7 eV 
corresponding to the 325 nm line of a cw He-Cd laser 
(excitation density less than 0.6 W cm' 2 ) and a mono- 
bromated 1000 W Xe lamp, respectively. The spot size 
of the two light sources was 1 and 5 mm in diameter, 
so in both cases the luminescence arises from a large 
number of QDs. The used excitation energies are below 
the A1N bandgap (approx. 6 eV). The samples were 
mounted in the cold finger of a closed-cycle helium 
cryostat and the sample temperature was controlled in 
the range from 14 K up to RT. The luminescence was 
measured using a Spex 1704 monochromator (1 m, 
1200 mm" 1 ) fitted with a cooled Hamamatsu R928 
photomultiplier tube. For the PLE measurements, the 
emission monochromator was set at the GaN QD exci- 
tonic recombination and the excitation wavelength was 
scanned up to 5.2 eV. The spectra were corrected to the 
lamp and optics. 

X-ray reflection (XRR) was performed on a high-reso- 
lution system using a Gobel mirror to focus the beam 
and CuKoc 1>2 radiation. 

Results and discussion 

Figure 1 shows the temperature-dependent PL spectra of 
a 10-period as-grown and thermally annealed GaN QD/ 
A1N SL (#1110A and #1110D, respectively). The main 
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Figure 1 Influence of the thermal annealing on the optical (PL 
and PLE) and XRR properties of GaN QD/AIN SL structures, (a) 

Temperature-dependent PL spectra of the excitonic recombination 
for a 10-period GaN QD/AIN SL structure before and after thermal 
annealing at 1200°C (full lines). Normalised RT PLE spectra 
monitored at the PL band maximum for the as-grown (line + 
closed symbols) and annealed (line + open symbols) samples. 14 K 
PL and PLE spectra of an AIN layer (dashed lines), (b) Specular X-ray 
reflection for the as-grown and annealed GaN QD/AIN SL structures. 
The XRR determined period thickness is shown in the graph for 
both samples. 



maxima of the GaN QD excitonic recombination occur 
below (before thermal annealing) and above (after ther- 
mal annealing) the bulk GaN bandgap (approx. 3.5 eV). 
This suggests that the annealing of the SL structure at 
1200°C in nitrogen promotes a change in the balance 
between the QC and QCSE as seen by the high-energy 
shift of the GaN QD recombination [7]. Among the var- 
ious effects which could be responsible for the blue shift 
of the PL peak position, both interdiffusion and ther- 
mally-induced strain relaxation mechanism should be 
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considered to explain the competition between the QC 
and QCSE [7]. The large number of satellites observed 
by XRR (Figure lb) indicates that both the as-grown 
and the annealed SL have smooth interfaces and high- 
crystalline quality. The PL thermal quenching measured 
between 14 K and RT is mediated by different non- 
radiative processes as indicated by an intensity ratio, / 
(14 K)//(RT), of 4 and 2.5, respectively, for the as-grown 
and annealed samples, when excited with the He-Cd 
laser line. This ratio is usually a measure of the carrier 
localization on the QD and it can be concluded that a 
higher PL thermal stability was achieved after the ther- 
mal annealing. 

On the right side of Figure la, the RT PLE spectra for 
both samples show the same excitation paths for the 
GaN QD excitonic recombination. This means that 
independent of the annealing effects the population 
mechanisms, which give rise to the GaN QD emission, 
are identical. A large asymmetric broad absorption band 
with a shoulder at approx. 4.1 eV extends to higher 
energies showing a maximum between 4.7 and 5.0 eV. 
The low and high energy absorption bands were also 
observed by others authors [12,19] and have been 
assigned to the excited state absorption from the GaN 
QD and to the absorption by the wetting layer 
[12,19,20]. As our SL systems have A1N spacer layers, 
we must also account for potential excitation mechan- 
isms via the A1N host. In particular, it is well established 
that oxygen-related defects in A1N samples are optically 
active and give rise to absorption and emission bands in 
the ultraviolet spectral region [21]. In Figure la, the PL 
and PLE spectra of an undoped A1N layer is shown for 
comparison. The oxygen-related emission [21] with a 
maximum at approx. 3.0 eV is observed under excitation 
with photons of approx. 4.9 eV energy. Despite the fact 
that the A1N layer PL band partially overlaps with the 
one of the SL structures, their spectral shapes and peak 
position are clearly distinct, which means that they are 
obviously due to different transitions. On the contrary, 
the high-energy absorption band detected on the PLE 
spectra monitored on the band maxima of the GaN QD 
excitonic recombination overlaps with the one asso- 
ciated to the oxygen defect on the A1N layer, suggesting 
that the GaN QD emission band could also be fed by 
the defect level from A1N spacers, buffer or capping 
layer in the SL structures. 

Two other sets of 20 periods GaN QD/A1N SL (#987 
and #989) with larger quantum dots (average QD heights 
of 3.7 and 4.2 nm according to [9]) were implanted with 
different fluences of Eu 3+ ions. The SL structures were 
further submitted to thermal annealing treatments 
between 1000 and 1200°C in order to achieve Europium 



optical activation. The Eu 3+ emission from GaN QD as 
well as from A1N layers were identified previously [17,18]. 
The structural analysis by X-ray diffraction (XRD) of the 
implanted and annealed SL structures showed that high 
implantation fluences (10 14 and 10 15 ions cm" 2 ) lead to 
higher lattice damage causing an expansion of the SL 
structure in the [0001] direction, while lower fluence does 
not change the XRD characteristics of the sample [17]. For 
these samples, and besides the Eu 3+ luminescence, addi- 
tional broad emission bands can be identified on the high 
energy side, as shown in Figure 2i, ii. Independently of the 
annealing temperature, a very broad emission band peaked 
at approx. 2.7 eV could be observed under excitation with 
photons of 3.81 eV energy for samples implanted with 
high fluence. The similarity of the spectral shape and peak 
position of the broad band with the emission detected 
under the same excitation conditions in the as-implanted 
sample indicates that it arises from large, 'blurred' GaN 
QD present in the damaged region of the implanted SL. 
The PLE spectra monitored at 2.7 eV is similar to the one 
shown in Figure la for the non-implanted SL samples sug- 
gesting that the optically active defects in the implanted SL 
are excited via the same paths. This is also confirmed with 
wavelength-dependent PL studies as seen in Figure 2. 
Exciting the samples in the wetting layer and/or oxygen- 
related A1N defect absorption bands (approx. 4.7 eV) 
makes the 2.7-eV PL always observable. Besides the 2.7-eV 
emission band, the GaN QD/A1N SL structures implanted 
with high fluence show an additional emission band 
peaked at 3.9 eV under 4.7 eV excitation. The observation 
of two GaN QD emission bands suggests the presence of a 
bimodal size distribution in the studied SL. Bimodality of 
GaN QD population in similar SL structures was pre- 
viously reported by Adelmann et al. [16] and they found 
that such distribution occur at high GaN coverage and/or 
substrate temperature, which is the case of the analysed 
SL samples. 

Figure 3a shows typical temperature-dependent PL 
spectra of both optical emitting centres (2.7 and 3.9 eV 
bands) observed with excitation with photons of 4.7 eV 
energy. A fast decrease of the intensity of the 2.7-eV 
emission is seen with increasing temperature from 14 K 
to RT (7(14 K)//(RT)~4). On the contrary, the high 
energy emission peak at 3.9 eV is seen to have an inten- 
sity which is nearly constant up to 200 K. A slight 
increase of the PL intensity was seen for higher tem- 
peratures accompanied with a small energy shift of the 
peak position, commonly observed in small GaN QDs 
[11]. For the SL implanted with high fluence only, the 
GaN QD PL band due to the larger blurred GaN QD 
have strong non-radiative de-excitation processes likely 
to be due to the defects generated by ion implantation. 
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Figure 2 Normalised 14 K PL and PLE spectra for the as-grown and Eu-implanted GaN QD/AIN SL structures. Black full lines: PL spectra 
obtained with excitation with photons of 3.81 eV energy (He-Cd laser line); lines and closed symbols: PL spectra obtained with excitation of 4.7 
eV. Dashed lines: PLE spectra monitored at the maxima of the low energy broad emission band, (i) stands for sample 987 which was implanted 
with 1 x 10 15 atoms.cm" 2 and annealed at 1000°C (a), 1100°C (b) and 1200°C (c). (ii) stands for sample 989 which was implanted with 1 x 10 13 
atoms.cm" 2 (a) and 1 x 10 14 atoms.cm" 2 (b) and annealed at 1000°C 



For samples implanted with lower fluence (#989(a)- 
Figures 2ii and 3b), a narrower GaN QD exciton recom- 
bination could be detected, for the 3.0-eV PL when the 
SL is excited either with 3.81 and 4.7 eV photons 
energy. Compared with the GaN QD PL detected in the 
as-grown SL, the emission band is shifted to higher 
energy similar to the case of undoped annealed high- 
structural quality SL shown in Figure 1. The absence of 
the large broad emission at 2.7 eV is consistent with the 
high-structural quality of this sample where no lattice 
expansion was found as confirmed by XRD [17]. For 
this SL sample also, a bimodal GaN QD distribution is 
present as shown by the observation of two emitting 
bands from GaN QD at approx. 3.0 and 3.8 eV. Figure 
3b shows the temperature-dependent PL of both optical 
centres observed with 4.7 eV excitation. As observed for 
the high fluence implanted SL, the intensity ratio 7(14 
K)//(RT) of the high energy GaN QD emission is practi- 
cally constant up to RT while for the 3.0 eV PL band a 
ratio of 1.3 was found. The small thermal quenching of 
the luminescence observed for the SL implanted with 
lower fluence suggests that the competing non-radiative 
processes are less important as expected for the lower 
damaged SL structure. 



Conclusions 

In Eu-implanted SL structures, the GaN QD recombina- 
tion was found to be dependent on the implantation flu- 
ence. For samples implanted with high fluence, a broad 
emission band at 2.7 eV was tentatively assigned to the 
emission occurring at large blurred GaN QD. The tem- 
perature-dependent PL analysis in this sample evidences a 
fast decrease of the luminescence, consistent with the 
competing non-radiative relaxation processes expected for 
a large defective SL. This emission band is absent in the 
lower fluence implanted SL structure, which has high 
structural quality. In this case, the GaN QD PL at approx. 
3.0 eV evidences a smaller thermal quenching with 
increasing temperatures from 14 K to RT. Additionally, 
the peak position of the emission shifts to higher energy 
when compared with the one of the as-grown sample. 
This blue shift was also observed in undoped and annealed 
SL showing that a change in the balance between the QC 
and QCSE occur with thermal annealing treatments. 

Despite the fact that different de-excitation processes 
occur in as-grown, annealed and Eu-implanted SL, the 
optically active centres in the GaN QD/AIN SL are 
excited via the same paths: two main absorption bands 
with maxima at approx. 4.1 and 4.7 to 4.9 eV. 
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Figure 3 Temperature-dependent PL spectra: for sample (a) 
#987 implanted with 1 x 10 15 atoms.cm" 2 and annealed at 1100°C 
and (b) #989 implanted with 1 x 10 13 atoms.cm" 2 and annealed at 
1000°C obtained with 4.7 eV excitation. 
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Acknowledgements 

Funding by FCT Portugal (Ciencia 2007 and PTDC/CTM/1 00756/2008) and by 
the bilateral collaboration program PESSOA (EGIDE/GRICES) is gratefully 
acknowledged. M. Peres and S. Magalhaes thank to FCT for their PhD grants 
SFRH/BD/45774/2008 and SFRH/BD/44635/2008, respectively. 

Author details 

1 Departamento de Fisica e I3N, Universidade de Aveiro, Campus de 
Santiago, Aveiro, 3810-193, Portugal 2 lnstituto Tecnologico e Nuclear, Estrada 
Nacional 10, Sacavem, 2685-953, Portugal 3 CEA/CNRS Group, "Nanophysique 
et Semiconducteurs", INAC, CEA/Grenoble, 17 rue des Martyrs, Grenoble 
Cedex 9, 38054, France 4 CFNUL, Av. Prof. Gama Pinto, Lisboa, 1649-003, 
Portugal 



Authors' contributions 

All the authors have made substantial intellectual contributions to the 
presented study. VF and BD were responsible for the growth of the analysed 
samples, SM, EA and KL performed the implantation and annealing 
treatments and carried the experiments and data analysis of the structural 
samples characterization, MP, AJN and TM carried out the acquisition of the 
optical data and their interpretation. All the authors have together discussed 
and interpreted the results. All the authors read and approved the final 
manuscript. 

Competing interests 

The authors declare that they have no competing interests. 

Received: 8 September 2010 Accepted: 9 May 2011 
Published: 9 May 2011 

References 

1 . Steiner T: Semiconductor Nanostructures for Optoelectronic Applications 
Boston, London: Artech House Inc; 2004. 

2. Morkoc H: Handbook of Nitride Semiconductors and Devices Weinheim, 
Berlin: Wiley-VCH; 2008. 

3. Guillot F, Bellet-Amalric E, Monroy E, Tchernycheva M, Nevou L, 
Donyennette L, Julien FH, Dang LS, Remmele T, Albrecht M, Shibata T, 
Tanaka M: Si-doped GaN/AIN quantum dot superlattices for 
optoelectronics at telecommunication wavelengths. J Appl Phys 2006, 
1 00:044326(1 )-044326(10). 

4. Widmann F, Simon J, Daudin B, Feuillet G, Rouviere JL, Pelekanos NT, 
Fishman G: Blue-light emission from GaN self-assembled quantum dots 
due to giant piezoelectric effect. Phys Rev B 1998, 58:R1 5989-R1 5992. 

5. Damilano B, Grandjean N, Semond F, Massies J, Leroux M: From visible to 
white light emission by GaN quantum dots on Si(111) substrate. Appl 
Phys Lett 1999, 75:962-964. 

6. Widmann F, Simon J, Pelekanos NT, Daudin B, Feuillet G, Rouviere JL, 
Fishman G: Giant piezoelectric effect in GaN self-assembled quantum 
dots. Microelectron J 1 999, 30:353-356. 

7. Peres M, Neves AJ, Monteiro T, Magalhaes S, Alves E, Lorenz K, Okuno- 
Vila H, Fellmann V, Bougerol C, Daudin B: Influence of thermal annealing 
on the structural and optical properties of GaN/AIN quantum dots. Phys 
Status Solid! B 2010, 24:1675-1678. 

8. Ranjan V, Allan G, Priester C, Delerue C: Self-consistent calculations of the 
optical properties of GaN quantum dots. Phys Rev B 2003, 68:1 15305 
(1)-1 15305(7). 

9. Andreev AD, O'Reilly EP: Optical transitions and radiative lifetime in GaN/ 
AIN self-organized quantum dots. Appl Phys Lett 2001, 79:521-523. 

10. Brault J, Huault T, Natali F, Damilano B, Lefebvre D, Leroux M, Korytov M, 
Massies J: Tailoring the shape of GaN/Al x Gai. x IM nanostructures to extend 
their luminescence in the visible range. J Appl Phys 2009, 105:033519 
(1)-033519(7). 

11. Ramvall P, Riblet P, Nomura S, Aoyagi Y, Tanaka S: Optical properties of 
GaN quantum dots. J Appl Phys 2000, 87:3883-3890. 

12. Cho YH, Kwon BJ, Barjon J, Brault J, Daudin B, Mariette H, Dang LS: Optical 
characteristics of hexagonal GaN self-assembled quantum dots: strong 
influence of built-in electric field and carrier localization. Appl Phys Lett 
2002, 81:4934-4936. 

13. Sarusi G, Moshe O, Khatsevich S, Rich DH, Damilano B: Microcrack-induced 
strain relief in GaN/AIN quantum dots grown on Si(111). Phys Rev B 2007, 
75:075306(1 )-075306(6). 

14. Huault T, Brault J, Natali F, Damilano B, Lefebvre D, Nguyen L, Leroux M, 
Massies J: Blue-light emission from GaN/AI 0 . 5 Ga 0 .5N quantum dots. Appl 
Phys Lett 2008, 92:05191 1(1)-051 91 1(3). 

15. Gogneau N, Jalabert D, Monroy E, Shibata T, Tanaka M, Daudin B: Structure 
of GaN quantum dots grown under "modified Stranski-Krastanow" 
conditions on AIN. J Appl Phys 2003, 94:2254-2261. 

16. Adelmann C, Daudin B, Olivier RA, Briggs GAD, Rudd RE: Nucleation and 
growth of GaN/AIN quantum dots. Phys Rev B 2004, 70:1 25427(1 )-1 25427 
(8). 

17. Magalhaes S, Peres M, Fellmann V, Daudin B, Neves AJ, Alves E, Monteiro T, 
Lorenz K: Functionalizing self-assembled GaN quantum dot superlattices 
by Eu-implantation. J Appl Phys 2010, 1 08:084306(1 )-084306(6). 

18. Peres M, Magalhaes S, Rodrigues J, Soares MJ, Fellmann V, Neves AJ, 
Alves E, Daudin B, Lorenz K, Monteiro T: The role of the annealing 



Peres et al. Nanoscale Research Letters 201 1, 6:378 
http://www.nanoscalereslett.eom/content/6/1/378 



Page 6 of 6 



temperature on the optical and structural properties of Eu doped GaN/ 

AIN QD. Opt Mater 2011. 

19. Kwon BJ, Hwang JS, Kwack HS, Cho YH, Gogneau N, Daudin B, Dang LS: 
Influence of stacking on optical characteristics of GaN/AIN self-organized 
quantum dots. Phys Stat Sol (c) 2006, 3:2056-2059. 

20. Kako S, Hoshino K, Iwamoto S, Ishida S, Arakawa Y: Exciton and biexciton 
luminescence from single hexagonal GaN/AIN self-assembled quantum 
dots. Appl Phys Lett 2004, 85:64-66. 

21. Berzina B, Trinkler L, Sils J, Atobe K: Luminescence mechanisms of oxygen- 
related defects in AIN. Rod Effects Def Sol 2002, 157:1089-1092. 



doi:1 0.1 1 86/1 556-276X-6-378 

Cite this article as: Peres et al:. Effect of Eu-implantation and annealing 
on the GaN quantum dots excitonic recombination. Nanoscale Research 
Letters 201 1 6:378. 



f ^ 

Submit your manuscript to a SpringerOpen 0 
journal and benefit from: 

► Convenient online submission 

► Rigorous peer review 

► Immediate publication on acceptance 

► Open access: articles freely available online 

► High visibility within the field 

► Retaining the copyright to your article 



Submit your next manuscript at ► springeropen.com 



v. 



